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ABSTRACT:
A Bayesian threshold animal model was applied to evaluate the prevalence over 2 farrowings and genetic background of overall leg conformation score and the presence or absence of 6 specific leg defects (abnormal hoof growth, splay footed, plantigradism, straight pasterns, sickle-hocked legs, and the presence of swelling or injuries) in purebred Landrace and Large White sows. Data sets contained phenotypic records from 2,477 and 1,550 Landrace and Large White females, respectively, at the end of the growing period. Leg conformation data from first and second farrowings were available for 223 and 191 Landrace sows and 213 and 193 Large White sows, respectively. Overall leg conformation deteriorated with age, with statistically relevant differences between females at the end of the growing period, first farrowing (FF), and second farrowing (SF). In a similar way, the prevalence of the 6 specific leg defects increased between the end of the growing period and FF (with the exception of straight pasterns in the Landrace population). Differences between FF and second farrowing were statistically relevant for hoof growth (highest posterior density regions at 95% did not overlap), plantigradism, sickle-hocked legs, and overall leg conformation score in Landrace and for sickle-hocked leg and overall leg conformation score in Large White. The statistical relevance of the genetic background was tested through the Bayes factor (BF) between the model with the additive genetic component and the model with 0 heritability (nonheritable). Heritability (h 2 ) was discarded (BF < 1) for sickle-hocked leg in both breeds, whereas decisive evidence (BF > 100) of genetic background was obtained for overall leg conformation score in Landrace and Large White sows (h 2 = 0.27 and 0.38, respectively), hoof growth in both breeds (h 2 = 0.22 and 0.26, respectively), and plantigradism (h 2 = 0.34) and the presence of swelling or injuries in Landrace (h 2 = 0.27). Note that a BF > 100 implies that the model with infinitesimal genetic effects was more than 100 times more suitable than the model without genetic effects, a conclusive estimate within the Bayesian framework. The remaining traits (splay footed and straight pasterns) registered BF values ranging from 11.6 to 35.1 and h 2 values ranging from 0.09 to 0.19. These results indicated a moderate genetic determinism for leg conformation in Landrace and Large White sows.
INTRODUCTION
Leg conformation plays a key role in sow survival (López-Serrano et al., 2000; Tarrés et al., 2006) , having important repercussions for economic performance and animal welfare in current intensive management systems for pig production (Barnett et al., 2001; Engblom et al., 2007) . Recent studies have discriminated between specific leg conformation defects (Fernàndez de Sevilla et al., 2008) and provided characterization of 1 The authors thank the 4 breeding companies involved in this project, Selección Batallé S.A. (Riudarenes, Spain), UPB Genetic World S.A. (Barcelona, Spain), Agropecuària de Guissona S. Coop. Ltda. (Guissona, Spain) , and COPAGA SCCL (Lleida, Spain), for their cooperation. The authors also thank J. Piedrafita (Universitat Autònoma de Barcelona, Bellaterra, Spain) for collaboration and the technicians of the Control i Avaluació de Porcí Center (Institut de Recerca i Tecnologia Agroalimentàries, Monells, Spain) for their assistance. We are also indebted to 2 anonymous referees for their helpful comments on the manuscript. The present study is part of the Welfare Quality research project (FOOD-CT-2004-506508) , which has been co-financed by the European Commission within the 6th Framework Programme. The text represents our views and does not necessarily represent the position of the European Commission, who will not be liable for the use made of such information.different leg conformation-related sources of variation that influence sow survival. Given the reduced genetic variability reported for sow survival in previous studies (Tholen et al., 1996; López-Serrano et al., 2000; Yazdi et al., 2000a,b; Fernàndez de Sevilla et al., 2008) , indirect genetic selection through specific leg conformation defects could be viewed as an appealing alternative to attempts to genetically improve sow longevity. Nevertheless, studies relating to the heritability of overall or specific leg conformation defects in sows are limited (Jørgensen and Andersen, 2000; Serenius et al., 2001; Quintanilla et al., 2006) .
Within the Bayesian framework, Casellas and Piedrafita (2006) and Quintanilla et al. (2006) recently adapted the Verdinelli and Wasserman (1995) Bayes factor (BF) to test for the genetic background of quantitative threshold traits. This approach computes the ratio of probabilities between 2 nested competing models . It also uses all of the information provided by the data (after integrating out along the parametric space) and avoids the need to define any null or alternative model (Kass and Raftery, 1995) . Within this context, the objective of this study was to estimate the heritability of overall leg conformation and of 6 specific leg defects in Landrace and Large White purebred sows, checking their statistical relevance through a BF. Changes in leg conformation during the reproductive life of the sow were also evaluated.
MATERIALS AND METHODS
All animal protocols were approved by the IRTA (Institut de Recerca i Tecnologia Agroalimentàries; http:// www.irta.es) Animal Care and Use Committee. Moreover, data were recorded under standard farm management without any additional requirements. Leg conformation scorings were evaluated without any contact with the sows (visual evaluation) and without moving them out of their growing pens (gilts) or farrowing crates (farrowing sows).
Data Source
Leg conformation data for 2,477 purebred Landrace gilts/sows and 1,550 purebred Large White gilts/sows (see Table 1 ) from 3 swine companies registered with the Associación Nacional de Criadores de Porcíno Selecto (http://www.anps.es) and located in northeast Spain were evaluated. For each breed, data (some of which related to a multiplier stage) were obtained from 2 different nuclei. The pedigree files included 3,132 and 2,060 individuals, respectively, and extended to up to 4 generations. All gilts/sows were born between the years 2004 and 2005, housed in commercial farms and installations, and managed under standard farm conditions. All females were evaluated by the same trained evaluator (visual inspection) for leg conformation at the end of the growing period (6 mo old; ≅100 kg of BW), and those gilts selected for reproductive purposes were also evaluated after their first and second farrowings, following Fernàndez de Sevilla et al. (2008) . Gilts/sows were scored for overall leg conformation with values of 0 (deficient conformation), 1 (regular conformation), and 2 (good conformation), according to the absence (2) or presence of several morphological defects and their respective severity (0 or 1). Registered morphological leg defects were excessive or abnormal hoof growth, splay footed, plantigradism, straight pasterns, sickle-hocked legs, and the presence of swelling or injuries to legs, and they were scored on a dichotomous scale with values of 0 (absence) and 1 (presence). Note that the presence of swelling or injuries in the legs was evaluated in a broad sense, considering swelling or injuries located in the elbow/knee or distal to these articulations. This data set was extensively described and previously analyzed for sow survival purposes by Fernàndez de Sevilla et al. (2008) . Although leg conformation scores suffered from a certain degree of subjectivity, they allowed for straightforward characterization of sow conformation without the need for invasive handling. Moreover, this evaluation method could be easily adopted by the swine industry without substantial requirements in terms of time or manpower.
Bayesian Models and BF
Bayes factor was estimated between the threshold models both with (model 1) and without (model 2) genetic effects. Following Wright (1934) , a threshold trait can be defined as a discrete phenotypic variable Y that takes values in one of C mutually exclusive categories. Observed phenotypes are the expression of an underlying continuous random variable U, also called liability, delimited by C + 1 thresholds. Taking y as the column vector of the phenotypic records and u as the column vector of the unobserved liabilities, the posterior probability of all of the unknown variables under model 1 and model 2 can be defined as = a e* was the intraclass correlation. The p y u t , ( ) was typically stated (Sorensen et al., 1995) as Is e 2 , respectively. Note that X, Z 1 , and Z 2 were appropriate incidence matrices and A was the numerator relationship matrix accounting for genetic groups (Westell et al., 1988) . A flat prior between appropriate bounds ) was assumed for r 2 :
and following Varona et al. (2001) and Casellas and Piedrafita (2006) , flat priors were adopted for the remaining variables in both models. The BF between model 1 and model 2 was calculated by Casellas and Piedrafita (2006) . Additional details are shown in the Appendix.
Operational Models and Markov Chain Monte Carlo Sampling
For each breed, overall leg conformation score and the presence/absence of each of the 6 specific leg defects were independently analyzed through the BF described above. The operational model included the random permanent environmental effect of each gilt/sow and 2 systematic effects, a) reproductive stage with 3 levels (end of the growing period, first farrowing, and second farrowing) and b) farm where gilts/sows were kept with 3 levels. To calculate the posterior distribution of the heritability (h 2 ), the following formula was used for every iteration (Varona et al., 2005) : To transform the estimated difference in the liability scale between reproductive stages (end of growing period, first farrowing, and second farrowing) to probability solutions on the observable scale, the procedure described by Hansen et al. (2004) was applied:
where j ( ) was the cumulative distribution function of a standard normal distribution with the argument as described within the parentheses, P FP was the incidence of a given leg conformation defect at the end of the growing period, P i was the predicted incidence at the first (or second) farrowing, and β i was the sampled value for the first (or second) farrowing within each iteration.
For each analysis, a total of 125,000 sampling iterations were performed, and the first 25,000 were discarded as burn-in. All correlated samples were used to calculate the posterior distributions using the ergodic property of the chain (Gilks et al., 1996) . Convergence was checked using the algorithm of Raftery and Lewis (1992) . The analyses were implemented in a FOR-TRAN90 program.
RESULTS
Both the Landrace and Large White breeds showed a moderate prevalence of females with deficient (21.9 and 21.4%, respectively) and regular scores (40.8 and 45.1%, respectively) for overall leg conformation at the end of the growing period. This prevalence of undesirable phenotypes increased with age. Specific leg defects showed relevant prevalences at the end of the growing period in Landrace and Large White females, in which hoof growth (36.5 and 28.2%, respectively), splay footed (24.3 and 21.1%, respectively), plantigradism (14.6 and 24.0%, respectively), and the presence of swelling or injuries (23.8 and 35.1%, respectively) showed the greatest percentages. Straight pasterns and sickle-hocked leg defects were less important at this stage ( Table 2 ).
The evolution of the different leg conformation scores was evaluated in both breeds and differences were tested in terms of the highest posterior density region at 95% (HPD95). The predicted prevalence of the 6 specific leg defects and the predicted average overall conformation score increased at the first farrowing, with statistically relevant differences (nonoverlapping HPD95) in all traits with the exception of straight pasterns in Fernàndez de Sevilla et al. the Landrace breed (Table 3) . Differences between the first and second farrowings were statistically relevant for sickle-hocked leg and overall leg conformation score in the 2 breeds, and for hoof growth and plantigradism in the Landrace population (Table 3) .
All traits reached a BF larger than 1 with the exception of sickle-hocked leg in Landrace (BF M1/M2 = 0.2) and Large White populations (BF M1/M2 = 0.1). Following the scale of Jeffreys (1984) of evidence for BF (see Appendix), there was strong evidence of additive genetic determinism for splay footed (BF M1/M2 = 18.6), plantigradism (BF M1/M2 = 20.3), straight pastern (BF M1/M2 = 11.6), and swelling and injuries (BF M1/M2 = 25.7) in the Large White breed and for splay footed (BF M1/M2 = 24.1) in the Landrace population. Very strong evidence was revealed for a genetic origin of straight pasterns in Landrace (BF M1/M2 = 35.1), and decisive evidence was obtained for the remaining traits, with a BF M1/M2 > 200 and modal estimates of heritability ranging from 0.22 (see the overall leg conformation for Landrace) to 0.38 (hoof growth in Large White).
DISCUSSION
The 3 swine breeding companies involved in this study are a representative sample of the Landrace and Large White genetic products commercialized in Spain. Our results characterize the genetic background and phenotypic evolution for leg conformation in Spanish Landrace and Large White populations, whereas they cannot be completely extrapolated to populations from other countries. Nevertheless, this study would give Table 2 . Prevalence (%) for each leg conformation defect at the end of the growing period (GP) and first (1F) and second (2F) farrowings in 2 maternal pure breeds from Spain Sows scored as deficient conformation (0), regular conformation (1), and good conformation (2). Estimates with the same superscript letter did not have overlapping HPD95.
1
The incidence at the end of the growing period was fitted as reference. The remaining values were estimated following Hansen et al. (2004) .
2 HPD95 = highest posterior density region at 95%.
3
Predicted posterior mean instead of percentage. Sows scored as deficient conformation (0), regular conformation (1), and good conformation (2).
Leg conformation in Landrace and Large White us an idea about the probable genetic and phenotypic behavior of several leg conformation traits. There was a moderate incidence of leg conformation deficiencies (overall score) in Landrace and Large White females at the end of the growing period, without showing relevant phenotypic differences between breeds. The prevalence of specific leg defects was defect-and breed-specific, whereas abnormal hoof growth (36.5%; Landrace breed) and the presence of swelling or injuries (35.1%; Large White breed) were most observed at the end of the growing period. The incidence of splay footed and plantigradism was also moderate, whereas a small percentage of young females suffered straight pasterns or sickle-hocked legs. These results corroborated the relevant incidence of abnormal hoof growth in commercial swine breeds previously suggested by Quintanilla et al. (2006) , although they also highlighted other leg conformation defects with a potential impact on leg weakness in sows (Serenius et al., 2001 ) and sow survival (Fernàndez de Sevilla et al., 2008) .
Note that leg conformation was used as a selection criterion in the Landrace population, in which the prevalence of hoof growth, splay footed, plantigradism, and the presence of swelling and injuries showed a significant reduction in selected gilts. These criteria were not applied to the Large White population. As reported by Jørgensen and Andersen (2000) , leg conformation defects tend to affect the Landrace breed more severely than that of the Large White, and poor locomotion is typically observed in Landrace sows (Bring-Larsson and Sundgren; 1977; Webb et al., 1983; Lundeheim, 1987; Jørgensen and Vestergaard, 1990) . The phenotypic selection performed on the Landrace population could have produced biased estimates for variance components when it was not accounted for during the analytical process (Wang et al., 1994a) . Within the Bayesian framework, all of the information relating to the (potential) genetic trend is contained in the marginal posterior distribution and therefore a full Bayesian inference is possible. Even so, the joint posterior, or any marginal posterior, distribution becomes the same with or without selection (Sorensen et al., 1994) . The BF applied allowed a proper inference that by-passed the peculiarities of the data set and used all of the information contained in vector y .
To the best of our knowledge, this is the first study to analyze the phenotypic change over the 2 first farrowings of leg conformation and specific leg defects in sows. As observed in other species (Ho et al., 1989) , leg conformation worsened with age in both breeds and the prevalence of all specific leg defects significantly increased at the first farrowing, with only the exception of straight pasterns in the Landrace population. Although the observed differences between the first and second farrowings suggested a positive trend in terms of prevalence, the pattern of statistical relevance was not homogeneous across breeds. Management conditions could be related to estimated increases in the prevalence of hoof growth or the presence of swelling and injuries. Sows are typically housed in gestation and farrowing crates with restricted mobility, where lameness might impair measures examined in the present study (Baadsgaard et al., 1997; Bonde et al., 2004) . Crate structures and flooring can injure sows, and sows can also suffer pressure-induced skin lesions due to restricted movement (Davies et al., 1997) . Given the negative impact of leg conformation deficiencies on sow longevity (Tarrés et al., 2006; Fernàndez de Sevilla et al., 2008) and reproductive performance (Serenius et al., 2004) , the evolution of leg conformation could be viewed as a relevant source of negative influences on sow profitability and culling.
The modal estimates of heritability for specific leg defects and overall leg conformation fell within the range of heritabilities estimated by Jørgensen and Andersen (2000) for leg conformation-related traits (h 2 between 0.01 to 0.35). Although relevant differences in modal estimates were observed between breeds, as in previous studies (Bereskin, 1979; Wilson et al., 1980; Webb et al., 1983; Lundeheim, 1987; Jørgensen and Andersen, 2000) , HPD95 overlapped (see plantigradism and the presence of swelling or injuries as examples). More specifically, heritabilities for hoof growth closely agreed with the modal estimates obtained by Quintanilla et al. (2006) in Landrace and Large White populations (h 2 = 0.24 and 0.36, respectively). This study revealed decisive evidence of an additive genetic background for hoof growth and overall leg conformation score in both breeds, and for plantigradism and the presence of swelling or injuries in the Landrace population (strong evidence for Large White sows). The BF highlighted a relevant genetic component of leg conformation traits in sows. Under the evaluation system utilized and within the age range studied, no genetic contribution was detected for the sickle-hocked leg defect.
As can be seen in Table 4 , common environmental coefficients (c 2 ) for leg conformation defects were similar or up to 6 times larger than the corresponding heritability. Only plantigradism in the Landrace population showed a c 2 clearly smaller than h 2 . Although there are not comparable results about sow conformation in the literature, these estimates demonstrated a moderate to high incidence of environmental influences on leg conformation, even for sows reared on the same farm. Further research is required to identify the origin of this sow-related environmental variability, although differences in terms of behavior, incidence of stereotypies, reproductive rhythm, and accidents could be suggested as feasible factors.
In conclusion, hoof growth, straight pasterns, and the presence of swelling or injuries could be very appealing selection criteria due to their impact on sow longevity (Fernàndez de Sevilla et al., 2008) and relevant genetic background. Note that any indirect improvement in sow longevity would also have an appealing effect on animal welfare (Barnett et al., 2001 ; Engblom et al., Fernàndez de Sevilla et al. 2007) because it would prevent injuries and problems affecting the locomotive system (Gregory, 2004) . The detection of genetic components in leg conformation and specific leg defects in sows should prompt further research into the genetic architecture of morphological traits in sows. Bayes factor of the model including the genetic effect against the model without the genetic effect.
Sows scored as deficient conformation (0), regular conformation (1), and good conformation (2).
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APPENDIX

Bayes Factor Calculation
Note that the statistical background for the Bayes factor (BF) applied in this manuscript was initially developed by Verdinelli and Wasserman (1995) and adapted to the animal breeding context by García-Cortés et al. (2001) and Varona et al. (2001) . We used the threshold model approach developed by Casellas and Piedrafita (2006) to account for discrete phenotypic traits. The BF between model 1 and model 2 (BF M1/M2 ) can be calculated from the Markov chain Monte Carlo sampler output of the complex model (model 1; García-Cortés et al., 2001; Varona et al., 2001) . Under model 1, a data augmentation step (Tanner and Wong, 1987) is required to update liabilities within a restricted multivariate normal framework, following Casellas and Piedrafita (2006) . A standard Gibbs sampler (Gelfand and Smith, 1990 ) was used to draw random samples from the conditional posterior distribution of all of the remaining variables in model 1, with the exception of r 2 , which required a Metropolis-Hastings step (Hastings, 1970) . As highlighted by Varona et al. (2001) (Wang et al., 1994b) . According to Jeffreys (1984) , the BF can be classified according to levels of evidence: BF < 1: null hypothesis supported, 1 < BF < 3.16: not worth more than a bare mention, 3.16 < BF < 10: substantial evidence, 10 < BF < 31.62: strong evidence, 31.62 < BF < 100: very strong evidence, and BF > 100: decisive evidence.
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